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A B S T R A C T
Dispersion-strengthened W alloys, W-1%TiC and W-2%TiC, were fabricated by spark plasma sintering (SPS). The
thermal stabilities of the secondary-phase TiC particles and microstructures in the W alloys during thermal
treatments from 100 to 1000 °C were investigated by positron annihilation techniques. The TiC particles were
stable in both W–TiC alloys during the annealing process. Both alloys were irradiated by 5-keV He ions at
900 °C–1.8× 1021 He/m2. Compared with commercially available pure W, the formation of He bubbles was
suppressed by the TiC particles in the W–TiC alloys, and the extent of suppression increased as the amount of
added TiC was increased.
1. Introduction
Tungsten is advantageous for many applications due to its high
melting point, thermal conductivity, sputtering resistance, and low
hydrogen isotope retention. Therefore, it is a potential candidate for use
in plasma-facing materials (PFMs). However, embrittlement induced by
low-temperatures, recrystallization, and irradiation has prevented the
widespread use of W in PFMs. To improve the mechanical properties of
W, secondary-phase particles such as TiC, La2O3, and Y2O3 can be
added to the W alloys. It has been reported that W–TiC alloys with
ultra-ﬁne grain size prepared by mechanical alloying (MA) have good
ductility at low temperatures and good radiation resistance [1–3].
However, impurities originating from the balls and containers used in
the MA process are mixed in the alloys, which adversely aﬀect their
mechanical properties. In addition, distortion induced by the MA pro-
cess remains in the W alloys, increasing the possibility of cracking
during sintering. To overcome this limitation, the wet-chemical method
has been developed, where the raw material powder is mixed and
sintered at high temperature [4]. Although the W–TiC alloys fabricated
by the wet-chemical method show good mechanical properties, their
resistance to irradiation has not yet been investigated suﬃciently. In
the present study, we investigated the eﬀects of TiC content on the
thermal stability of the microstructures in W alloys, and formation of
He bubbles under He irradiation at high temperature.
2. Experimental procedure
W-1%TiC and W-2%TiC (in weight percent) alloys were fabricated
by the wet-chemical method [5–7]. The surface was scraped by about
2mm to avoid the inﬂuence of the carbonized layer on the surface of
the ingots. Then, these alloys were cut into dimensions of
ϕ5mm×0.3 mm- (thickness), and mechanically polished to a mirror-
like ﬁnish for investigating the microstructure thermal stability. Iso-
chronal annealing experiments were performed on these samples for 5 h
in 100 °C increments from 25 to 1000 °C under a vacuum pressure lower
than 1× 10−4 Pa. The eﬀects of thermal annealing on microstructural
evolution in the W–TiC alloys were investigated by scanning electron
microscopy (SEM) with energy dispersive spectrometry (EDS). In ad-
dition, positron annihilation spectroscopy, which is a non-destructive
and powerful technique for detecting defect clusters, especially va-
cancy-type clusters in solid materials, was used to study the alloys.
Positron annihilation lifetime measurements and coincidence Doppler
broadening (CDB) measurements were performed before and after an-
nealing. The positron annihilation lifetime measurements were used to
monitor changes in defect clusters introduced by the manufacturing
process during annealing. CDB measurements monitored the distribu-
tion change in the TiC nano-particles during annealing. The positron
source was 22Na with a diameter of 2mm. The time resolution of the
positron lifetime spectrometer was 190 ps (full-width at half-maximum,
FWHM). The positron lifetime spectra were analyzed based on the two-
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state trapping model, where the short lifetime, τ1, corresponds to the
bulk component, and the long lifetime, τ2, corresponds to the defect
component. The total count for each lifetime spectrum was over
1× 106. The energy resolution of the CDB measurement device was
1.4 keV at 511 keV, and the total count for each CDB spectrum was over
2× 107.
Specimens for transmission electron microscopy (TEM) observations
were prepared using a focus ion beam (FIB) from the ϕ5mm specimens.
Irradiation with 5 keV He+ ions was performed using an ion-accel-
erator-TEM (JEM-2010S) system installed at Shimane University. The
irradiation temperature was 900 °C, and the total dose of ion irradiation
was 1.8×1021 He/m2 with an ion ﬂux of 1.5× 1018 He/m2s. The
damage to the substrate and He ion distributions were estimated by
SRIM code [8]. The furthest damage observed was approximately 8 nm
from the irradiated surface, and the damage was ∼15 dpa (displace-
ment per atom) at the peak position after irradiation to 1.8×1021 He/
m2. In addition, the He distribution peak was centered approximately
17 nm from the incident surface, and the concentration of He was∼0.6
at the peak position. After ion irradiation, the microstructures of the
samples were observed by the same TEM system installed at Shimane
University.
3. Results and discussion
Figs. 1 and 2 show the SEM images and EDS maps of W and Ti for
the as-received and W alloys annealed at 1000 °C for 5 h, respectively.
The black dots in the SEM images of Figs. 1 and 2 were caused by
irregularities of the surface. The color represents the element, W in the
W EDS map and Ti in the Ti EDS map. The TiC nano-particles were not
clearly observed by SEM in the as-received or annealed W–TiC alloys. W
was uniformly distributed in the as-received and annealed W–TiC
samples; however, agglomerates of Ti were observed in W-1%TiC alloy,
as shown by the arrows in the EDS maps. Compared with the W-1%TiC
alloy, the distribution of the TiC nano-particles was more uniform in the
W-2%TiC alloy. This result indicated that the stirring process in the W-
1%TiC alloy fabrication was insuﬃcient.
Fig. 3 shows the positron lifetime changes in the W–TiC alloys
during annealing. The microvoid components (τ2) were present in both
the as-received W–TiC alloys, which indicated that microvoids were
induced during the alloy fabrication process. The value of τ2 was
Fig. 1. SEM observations and EDX elemental analysis of the W-1%TiC alloy.
Fig. 2. SEM observations and EDX elemental analysis of the W-2%TiC alloy.
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∼300 ps, which corresponds to a vacancy cluster containing seven
vacancies [9]. The short lifetimes (τ1) were 115.4 and 126 ps for the as-
received W-1%TiC and W-2%TiC alloys, respectively, which correspond
to the lifetime of the dislocations [10]. This result indicated that dis-
locations were also induced in the alloy fabrication process. During
annealing at high temperatures, the long lifetimes changed signiﬁcantly
at 500 °C compared with those at room temperature in both W–TiC
alloys. This represents the temperature at which vacancies are suﬃ-
ciently mobile if the vacancy migration energy is assumed to be 1.9 eV
[11] (mobility of vacancy Mv=1013exp(−1.9/kT), k: Boltzmann's
constant; T: absolute temperature). The long lifetimes at temperatures
higher than 500 °C in the W-2%TiC alloy were higher than those in the
W-1%TiC alloy. This means the growth of microvoids was easier in the
W-2%TiC alloy. Samolyuk et al. indicated that vacancy clusters con-
taining fewer than six vacancies in pure W were unstable according to
the simulations based on ﬁrst principles [12]. TiC nano-particles may
stabilize the vacancy clusters containing fewer than six vacancies.
Therefore, it is possible that the density of tiny vacancy clusters con-
taining fewer than six vacancies in the W-2%TiC alloy was higher than
that in the W-1%TiC alloy. During annealing at temperatures higher
than 500 °C, these tiny vacancy clusters were untrapped from the TiC
nano-particles and dissolved to become mobile, the large microvoids
absorbed these vacancies and grew. The size of the microvoids in the W-
2%TiC alloy was larger than that in the W-1%TiC alloy with in-
homogeneous distribution of TiC nano-particles. The thermal stability
of the TiC nano-particles in the W alloys with increasing annealing
temperature is shown in Fig. 4, where the CDB ratio curves of annealed
W-TiC alloys to pure W fabricated by SPS are also shown. The vertical
axis is the ratio of the spectrum of the annealed samples to that of pure
W, and all spectra were normalized by the total count. The horizontal
axis is the momentum of electrons, m0c, where m0 is the electron rest
mass, and c is the velocity of light. To dentify the TiC nano-particles,
the ratio curve of pure TiC to pure W is also shown in Fig. 4. The ratio
curve of the pure TiC showed a shallow valley at∼25×10−3 m0c. The
ratio curves of the W-1%TiC alloy were largely unchanged upon an-
nealing at 100–1000 °C. Similarly, the ratio curves of the W-2%TiC
alloy did not change even when the annealing temperature was in-
creased to 900 °C. However, the ratio curve of the W-2%TiC alloy an-
nealed at 1000 °C was diﬀerent from those of the alloys annealed at
lower temperatures. The cause of the increase in the value of the high-
momentum region of CDB spectrum annealed at 1000 °C is not a de-
crease in the value of the low-momentum region. This indicated that
the TiC nano-particles grew during annealing at 1000 °C, although
signiﬁcant growth of TiC nano-particles was not observed by SEM. It
has been reported that vacancies induced by irradiation promote the
formation of Cu precipitates in Fe [13]. Therefore, it is possible that the
vacancies induced by the alloy fabrication process and thermal treat-
ments also promote the growth of TiC nano-particles in the W alloy.
Fig. 5 shows the microstructures in the W-TiC alloys after He irra-
diation at 900 °C to 1.8× 1021 He/m2. For comparison, the micro-
structures of the commercial W after He irradiation under the same
conditions is also shown in Fig. 5, which have been previously pub-
lished [14]. The upper section of the ﬁgure shows the microstructures
in W-1%TiC and the lower part shows the microstructures in W-2%TiC
and commercial W. The left section shows the microstructures in the
unirradiated samples, and the right part shows the microstructures in
the irradiated samples. Only dislocations that were induced during the
alloy fabrication process were observed in the as- received W–TiC al-
loys. He bubbles were observed in all samples after He irradiation at
900 °C to 1.8×1021 He/m2. The formation of He bubbles was sup-
pressed, despite the diﬀerence in the magniﬁcation of the images, in-
dicating that the size of the He bubbles decreased in the W–TiC alloys
compared with that in commercial W. This trend became more sig-
niﬁcant as the amount of TiC nano-particles increased. The mechanism
underlying the suppression of formation of He bubbles in the W-TiC
alloys is believed to be due to TiC nano-particles trapping the vacancies
Fig. 3. Changes in the positron lifetimes and intensity of the long lifetime in the W-1%TiC (a) and W-2%TiC (b) alloys during annealing.
Fig. 4. Changes in the CDB curves of the W-1%TiC (a) and W-2%TiC (b) alloys during annealing.
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and irradiation-induced He. This trapping eﬀect becomes more promi-
nent as the amount of TiC nano-particles in the alloy increases. Un-
fortunately, the distribution of He bubbles in the W-1%TiC alloy was
not uniform, indicating that the distribution of TiC nano-particles, too,
was not uniform in W-1%TiC. Therefore, it is necessary to improve the
manufacturing process for the W-1%TiC alloy to achieve a more uni-
form distribution of TiC nano-particles.
4. Conclusion
Two kinds of dispersions of secondary-phase W-TiC alloys were
developed using SPS. The TiC nano-particles were thermally stable in
the W-1%TiC and W-2%TiC alloys even when annealed at temperatures
up to 1000 °C for 5 h. The TiC nano-particles signiﬁcantly suppressed
the formation of He bubbles, and this suppression became more pro-
minent as the amount of TiC nano-particles in the alloy increased.
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